Cell junctions are essential to maintain polarity and tissue integrity. Epithelial cell junctions are composed of distinct sub-compartments that together ensure the strong adhesion between neighboring cells. In Caenorhabditis elegans epithelia, the apical junction (CeAJ) forms a single electron-dense structure, but at the molecular level it is composed of two sub-compartments that function redundantly and localize independently as two distinct but adjacent circumferential rings on the lateral plasma membrane. While investigating the role of the multi PDZ-domain containing protein MAGI-1 during C. elegans epidermal morphogenesis, we found that MAGI-1 localizes apical to both the Cadherin/Catenin (CCC) and AJM-1/DLG-1 (DAC) containing sub-domains. Removal of MAGI-1 function causes a loss of junctional compartmentalization along the lateral membrane and reduces the overall robustness of cell-cell adhesion mediated by either type of cell junctions. Our results suggest that MAGI-1 functions as an "organizer" that ensures the correct segregation of different cell adhesion complexes into distinct domains along the lateral plasma membrane. Thus, the formation of stable junctions requires the proper distribution of the CCC and DAC adhesion protein complexes along the lateral plasma membrane.
Introduction
Epithelia consist of highly polarized cells that act as permeability barrier, and are critical for tissue homeostasis. Many tumors derive from transformed epithelial cells that loose their adhesive properties, highlighting the importance of epithelial integrity. The polarized plasma membrane of epithelial cells is divided into an apical and to a basolateral domain by circumferential rings of cell junctions. In Caenorhabditis elegans epithelia, the apical junction (CeAJ) is a single electron-dense structure at the ultrastructural level, similar to Drosophila and vertebrate zonula adherens (ZA). The CeAJ is divided at the molecular level into a zonula adherens-like compartment composed of the Cadherin/Catenin protein complex (CCC) containing HMR-1, HMP-1, HMP-2 and a more basal subregion composed of the homologs of the Drosophila septate-junction (SJ) proteins DLG-1/Discs-Large and AJM-1 (DAC) Labouesse, 1997; Michaux et al., 2001; Knust and Bossinger, 2002; Koppen et al., 2001) . Until now, only AJM-1 has been shown to localize to the electron dense structure (Koppen et al., 2001) . The two junctional sub-compartments act redundantly to promote cell adhesion (Simske et al., 2003) , but they localize and function independently (Costa et al., 1998; McMahon et al., 2001) . Besides these known junctional proteins, the C. elegans genome encodes orthologs of several other vertebrate cell junction proteins, for which no role in cell adhesion has so far been demonstrated . The vertebrate tight junction-associated proteins, MAGIs (Dobrosotskaya et al., 1997) , are members of the membraneassociated guanylate-kinase (MAGUK) family. Vertebrate MAGIs localize to epithelial tight-junctions (TJ) and bind various molecules, including β-catenin, mNET1, PTEN, RapGEP, synaptopodin, α-actinin-4, muscle specific tyrosine kinase (MuSK) and JAM4 (Dobrosotskaya and James, 2000; Dobrosotskaya, 2001; Hirabayashi et al., 2003; Ide et al., 1999) . Therefore, MAGI proteins might be important novel components of epithelial cell junctions. We thus investigated the function of the single C. elegans MAGI ortholog (MAGI-1) during epithelial morphogenesis.
Results and discussion
The C. elegans magi-1 gene encodes two mRNA isoforms that are transcribed from two alternative promoters (Stetak et al., 2009; Emtage et al., 2009) . Both promoters show similar activity throughout embryonic and larval development until adulthood and regulate expression of MAGI-1 in the epidermis as well as in the intestine (Emtage et al., 2009) (Fig. 1a, b) . The sole difference between the expression patterns of the two isoforms is the vulva, where only the promoter of the short isoform is active (data not Developmental Biology xxx (2010) xxx-xxx shown). To get insight into the function of MAGI-1, we first characterized the sub-cellular localization of the long MAGI-1 isoform fused to GFP or CFP under control of its 4.5 kb promoter/ enhancer region. We found that MAGI-1 localizes to epithelial junctions and accumulates at the leading edge of migrating cells during ventral enclosure, where new cell junctions are formed at the ventral midline (Figs. 1a, b, 2) . Furthermore, MAGI-1 localizes to a junctional domain adjacent to the DAC protein complex as we Fig. 1 . MAGI-1 localizes to a region distinct from the CCC and DAC domains. (a-e) Transgenic embryos expressing the magi-1::gfp (green) reporter were stained with the monoclonal MH27 antibody, which recognizes the AJM-1 protein (red). Cell nuclei were visualized with DAPI (blue). Expression of MAGI-1::GFP was observed by confocal microscopy (a) in the hypodermis (arrow) and (b) in the pharynx (arrow), the intestine (arrowhead, the dotted line marks the boundary between pharynx and intestine), and neurons (asterisks). (d-e) Higher magnification of (a) and (b) showing that, MAGI-1 localizes to a domain adjacent to the AJM-1 signal with little overlap detected between the two proteins as shown by the merged panel in (e). (f-h) Localization of HMP-2::YFP (red) relative to MAGI-1::CFP (green). The merged image of (f) and (g) is shown in panel (h). (k) Localization of DLG-1::dsRED (red), HMP-1::GFP (green) and MAGI-1 (blue) in a wild-type embryo. The region indicated by the box in (i) is enlarged in (k-m). (n) yzprojection along the dotted line indicated in panels (k-m). (j) Schematic model of an epithelial cell showing the relative positions of the CeAJ sub-compartments. (o) Distribution of the signal intensities of MAGI-1, HMP-1::GFP, and DLG-1::dsRED along the basolateral membrane. Distances were measured from the apical most point of the junctional complex along the apical-basal membrane (apical is left, and basal is right on the x-axis). Data for each image were normalized to the total fluorescence intensities, and average ± SEM was plotted as percentage of the maximal intensity (n = 6). The scale bars are 10 μm in (b), (e), (h) and (i), 5 μm in (m) and 1 μm in (n).
observed only little overlap between MAGI-1::GFP and AJM-1 detected with an antibody (Fig. 1c-e) . Although we previously reported that MAGI-1 physically interacts with HMP-2/β-catenin (Stetak et al., 2009) , in vivo analysis indicated that a MAGI-1::CFP fusion protein does not co-localize in the epidermis of the embryo with a functional HMP-2::YFP protein, which rescues a hmp-2 (zu364) mutation (Fig. 1f-h ). In order to simultaneously determine MAGI-1 localization relative to the DAC and CCC junctional subdomains, we observed the localization of MAGI-1 using an antibody recognizing both isoforms of MAGI-1 in embryos carrying RFP-labeled DLG-1, and GFP-tagged HMP-1 (Fig. 1i) (Emtage et al., 2009; Diogon et al., 2007; Koppen et al., 2001; Raich et al., 1999) (kind gift of J. Hardin). We found that MAGI-1 is localized predominantly in a distinct band apical to the CCC and DAC protein complexes (Fig. 1i-o and suppl. movie S1, see also Materials and methods).
To our knowledge, MAGI-1 is the first junctional protein that colocalizes neither with the CCC nor with the DAC complexes. Previously characterized junctional proteins like JAC-1/p120, VAB-9/Claudin, or ZOO-1/Zonula occludens all co-localize with the CCC complex, and their localization depends on HMR-1/E-cadherin function (Lockwood et al., 2008; Pettitt et al., 2003; Simske et al., 2003) . To determine whether MAGI-1 localization depends on the CCC or the DAC complexes, we analyzed the subcellular distribution of MAGI-1 by antibody staining of hmr-1(zu389), hmp-2(zu364), hmp-1(zu278) or ajm-1(ok160) mutant embryos. We found that removal of hmr-1, hmp-2 or hmp-1 function had no effect on MAGI-1 junctional localization ( Fig. 3a-f, i-j) . Similarly, MAGI-1 distribution was not affected by loss of ajm-1 function (Fig. 3g-h ). We obtained similar results when we down-regulated components of the two junctional complexes by feeding the parental generation with dsRNA (RNAi) and observed MAGI-1::GFP localization in the epidermis of the affected embryos (Fig. S1 ). Moreover, simultaneous inactivation of the DAC and CCC complexes by performing hmr-1 RNAi in ajm-1(ok160) mutants had no effect on the junctional localization of MAGI-1 (Fig. 3m-p) . Taken together, these results thus indicate that the recruitment of MAGI-1 to the cell junctions occurs independently of both the CCC and DAC complexes.
A loss-of-function mutation in let-413, which encodes the C. elegans scribble homolog, results in the mislocalization of both the CCC and the DAC complexes on the lateral membrane (Legouis et al., 2000) . Similar, removal of let-413 function by the let-413(s128) allele altered MAGI-1 distribution, but we observed some residual junctional localization of MAGI-1 protein especially in intestine epithelia (Fig. 3k, l) . To get more insight, we analyzed the subcellular distribution of MAGI-1 in the intestinal epithelium of let-413 RNAi treated embryos. In the intestine of wild-type embryos, AJM-1 and MAGI-1 appeared as two adjacent, continuous belts ( Fig. 3q-t) . In contrast, in let-413-depleted embryos, AJM-1 localization became spotted and discontinuous as described previously (Legouis et al., 2000) , while MAGI-1 was still localized in a continuous belt, although MAGI-1 staining appeared to be broader and extended along the basolateral membrane ( Fig. 3u-x) . The depletion of let-413 has a more severe impact on AJM-1 localization than on the distribution of MAGI-1 suggesting that junctional localization of MAGI-1 not fully depends on LET-413 function.
We have previously shown that the C-terminal PDZ binding motif of HMP-2 interacts with the fifth PDZ-domain in MAGI-1 (Stetak et al., 2009) . Since loss of hmp-2 function did not cause a mislocalization of MAGI-1::GFP, it is likely that the PDZ5 domain of MAGI-1 is not required for its junctional localization. To test this hypothesis further, we generated a series of deletion mutants using in the magi-1::gfp reporter and analyzed their localization in the epidermis of the embryo (Fig. 4) . We found that the middle part of MAGI-1 including the third PDZ-domain is both necessary (Fig. 4g , h) and sufficient ( Fig. 4f ) for junctional localization. Furthermore, also the N-terminus of MAGI-1 containing the WW repeats showed partial junctional localization in this assay ( Fig. 4b and c) . However, the WW region alone ( Fig. 4c ) was neither necessary nor sufficient to confer the exclusively junctional localization that was observed for full-length MAGI-1 (Fig. 4a) . Consistent with the findings in hmp-2(zu364) mutants and RNAi treated embryos and despite our previous observation showing binding of HMP-2 to the fifth PDZ-domain of MAGI-1 none of the other PDZ domains besides PDZ domain 3 influenced the junctional MAGI-1 localization (Fig. 4b, d and e). Taken together, these results suggest that MAGI-1 might be localized to the cell junctions via its third PDZ domain, which may interact with an unknown protein complex that functions independently of the previously characterized junction proteins.
To study the physiological function of MAGI-1, we analyzed the epidermal morphogenesis in embryos carrying a magi-1 deletion allele (zh66) (Stetak et al., 2009 ). The magi-1(zh66) deletion removes most of the region common to both MAGI-1 isoforms and most likely represents a null allele (Stetak et al., 2009 ). Interestingly, magi-1(zh66) worms are healthy and do not show any morphological defects or embryonic lethality (Fig. 5b, m) , suggesting that MAGI-1 may function redundantly with other junction proteins. To test whether MAGI-1 acts in parallel with or downstream of the CCC or DAC complexes, we characterized the genetic interactions between magi-1(zh66) and ajm-1, dlg-1, hmr-1, hmp-2, or apr-1 that has been shown to act together with the CCC complex during epidermal morphogenesis of the embryo (Hoier et al., 2000) . Since loss-of-function mutations in these genes result in an almost complete lethality, we generated reduction-of-function phenotypes by performing RNAi in magi-1(zh66) mutants and analyzed the morphological defects in 1.5-2 fold stage embryos by DIC microscopy ( Fig. 5a-l) . In all experiments targeting the different cell junction components, the frequency of embryonic lethality was strongly enhanced in the magi-1(zh66) background when compared to wildtype controls (Fig. 5m) . In particular, we observed more frequent elongation defects when the DAC complex and more penetrant enclosure defects when the CCC complex or apr-1 was down-regulated in the magi-1(zh66) background (Fig. 5a-l) . Taken together with the localization studies, we conclude that MAGI-1 acts in parallel with both the DAC and the CCC complexes and may represent a novel subcompartment of the CeAJ. The DAC and the CCC complexes form distinct junctional rings in epithelia that can be visualized and resolved by light microscopy (Figs. 1i and 6a, d) (Knust and Bossinger, 2002; Koppen et al., 2001) . In wild-type animals, the two adhesion complexes show only marginal overlap (19% of the voxels colocalize between DLG-1::dsRED and HMP-1::GFP, Table S1 ), and each complex extends over approximately 400 nm along the lateral membrane in the epidermal cells of the embryo (DAC complex = 443 ± 17 nm (n = 24); CCC complex= 367 ± 15 nm (n = 24)). In wild-type animals, the two cell adhesion complexes together extended over 822 ± 24 nm (n = 24) along the lateral membrane (Fig. 6a, d, g and j) . Downregulation of the CCC complex by RNAi against hmr-1 did not disrupt the junctional localization of DLG-1 (Fig. 6b, e) . However, while the total size of the junctional region did not change significantly in hmr-1 RNAitreated embryos, the AJM-1/DLG-1 sub-compartment expanded along the lateral membranes to form a single 902 ± 28 nm (n = 46) wide junctional domain (Fig. 6e, h and j) . Since magi-1 genetically interacts with both cell junction complexes, we tested if loss of magi-1 function might alter the distribution of the DAC or the CCC complexes (Fig. 6c, f) . We found that loss of magi-1 function resulted in a significant mixing between components of the two junctional complexes that are normally adjacent but well separated. Although the total size of the cell junctions was not altered in magi-1(zh66) embryos (wild-type = 822 ±24 nm (n =24); magi-1(zh66) 802±39 nm (n =21)), the size of both the DAC and the CCC compartments was significantly increased (Fig. 6i and j) . Furthermore, the mutually exclusive localization of the two junctional complexes was lost in magi-1(zh66) embryos as we observed an increase in co-localization between the DLG-1::dsRED and HMP-1::GFP signals (53% of the voxels colocalize between DLG-1::dsRED and HMP-1::GFP) Fig. 3 . MAGI-1 localizes independently of the CCC and the DAC adhesion complexes. MAGI-1 localization was observed in fixed 1.5-to 2-fold stage embryos using polyclonal anti-MAGI-1 and monoclonal MH27 antibodies. The MAGI-1 protein localizes to epithelial junctions (arrows) in (a) wild-type, in (c) hmp-2(zu364), (e) hmr-1(zu389) or in (i) hmp-1 (zu278) mutant embryos that show the characteristic morphological defects as visualized by MH27 staining (b, d, f, j). (g) Junctional localization of MAGI-1 was also observed in ajm-1(ok160) embryos (arrows) that arrested at the two-fold stage. (h) Loss of AJM-1 expression was visualized by MH27 staining. (k, l) MAGI-1 in let-413(s128) mutant embryos is colocalizing with AJM-1 (arrows) except in the intestine epithelia, where MAGI-1 retained some junctional localization (arrowhead, see also u-x). (m-p) MAGI-1 localization in embryos lacking both CCC and the DAC function was analyzed by treating ajm-1(ok160); jcEx44[ajm-1::gfp] mothers with dsRNA for hmr-1 and observing those embryos that had lost the rescuing jcEx44 ( Fig. 6c , f, i and Table S1 ). To independently confirm these results, we measured by transmission electron microscopy (TEM) the length of the single electron-dense structure that has been shown to correspond to the DAC compartment observed by immunostaining (Koppen et al., 2001 ). In agreement with our light-microscopical data, we found that the length of the electron-dense structure along the lateral membrane in the intestine of L1 larvae increased nearly two-fold in magi-1(zh66) mutants when compared to wild-type controls (wild-type: 225±6 nm, magi-1(zh66): 385 ±16 nm) (Figs. 6k-m, S2 ). Although we observed an expansion of both the DAC compartment and the electron-dense structure in magi-1 mutants, we found a significant difference in the absolute sizes of these two compartments measured by the two methods, suggesting that not all junctional proteins and especially not all AJM-1 proteins localize to the electron-dense region (Koppen et al., 2001) . Alternatively, the size measurements could differ due to inherent differences of the two methods such as the resolution limit and the light scattering of light microscopy or a distortion of the junctions during fixation and preparation for TEM.
Taken together, our results indicate that loss of magi-1 function disrupts the spatial separation between the DAC and the CCC complexes, which may result in reduced strength of the epithelial cell adhesion in magi-1(zh66) embryos.
In summary, we demonstrate that the C. elegans ortholog of the vertebrate tight-junction associated protein MAGI-1 acts as a spatial organizer of the cell adhesion complexes by maintaining the separation of distinct junctional sub-compartments on the lateral plasma membrane. Cell adhesion in vertebrates shares a striking similarity in composition and function to invertebrates, but there exist some differences in the organization of epithelial cell junctions (Knust and Bossinger, 2002; Lynch and Hardin, 2009 ). Equivalents of the vertebrate tight junctions (TJs) are missing in Drosophila and C. elegans, even though the molecular determinants and composition of the Drosophila subapical region (SAR) and C. elegans CeAJ share similarity with vertebrate TJ proteins (Assemat et al., 2008; Muller and Bossinger, 2003) . However the role of these proteins in C. elegans epithelia is not known, and zoo-1, the sole C. elegans ortholog of the Zonula Occludens (ZO) protein family, localizes and cooperates with the CCC rather than the DAC junction complex (Lockwood et al., 2008) . Interestingly, MAGI-1 is part of a new junctional sub-compartment that is located more apical relative to the CCC and DAC Fig. 4 . Identification of the MAGI-1 protein domains required for junctional localization. Different deletions in the large magi-1 isoform fused to gfp as shown in the upper parts of each panel were generated by PCR fusion (see Materials and methods). The localization of (a) the wild-type and (b-h) truncated MAGI-1::GFP proteins was analyzed by confocal microscopy and examples are shown in the lower parts of each panel. Arrowheads point at mislocalized cytosolic or nuclear proteins, arrows indicate junctional MAGI-1 localization. The scale bar in (h) is 10 μm.
junctional sub-regions. Our data suggest that MAGI-1 is a component of a protein complex that functions as an "organizer", which maintains the spatial segregation of the different cell adhesion complexes into distinct lateral membrane domains. Removal of MAGI-1 causes a loss in the compartmentalization of cell adhesion complexes, which in turn might reduce the robustness of junctional interaction, possibly due to a reduced anchorage of actin filaments to the junctions or a decreased interaction of junctional transmembrane proteins across the adjacent cell membranes. In support of this idea, vertebrate MAGI-1 has recently been implicated in the regulation of cell invasion, which could be caused in part by decreasing the strength of cell adhesion (Chastre et al., 2009) . Cell junctions are dynamic structures that need to be remodeled during cell migration, invasion or elongation. MAGI-1 may act as a regulator of junctional plasticity by setting up the different junctional compartments at newly forming cell junctions, for example during ventral enclosure of the C. elegans embryo. In agreement with the proposed role of MAGI-1 in epithelia, we previously found that MAGI-1 controls neuronal plasticity by modulating synaptic structures (Stetak et al., 2009 ). Furthermore, we demonstrated that MAGI-1 plays a crucial role in the consolidation of changes in synapse structure during associative learning, likely by organizing the localization of synaptic adhesion molecules. Thus, our data suggest a common molecular function for MAGI-1 at epithelial cell junctions and neuronal synapses. A better understanding of the nature and function of the MAGI-1 containing junctional "organizer" complex will shed in future light on the regulation and dynamics of epithelial cell junctions.
Materials and methods

General methods and strains used
Standard methods were used for maintaining and manipulating C. elegans (Brenner, 1974) . Experiments were conducted at 20°C. The C. elegans Bristol strain, variety N2, was used as the wild-type reference strain in all experiments. Alleles and transgenes used were: magi-1 Fig. 5 . MAGI-1 genetically interacts with the CCC, and DAC adhesion complexes. (a-l) Wild-type and magi-1(zh66) mutant L1 worms (P 0 ) were fed with bacteria expressing gfp (a, b), apr-1 (c, d), hmp-2 (e, f), hmr-1 (g, h), ajm-1 (i, j), or dlg-1 (k, l) dsRNA, and the morphological defects in embryos of the F 1 progeny were examined by DIC microscopy. (m) The frequencies of the morphogenetic defects shown in (a-l) were scored and quantified in the F 1 embryos. p-values were calculated with two-tailed Student's t-test. The scale bar in (a) is 10 μm.
(zh66), dpy-18(e364)/eT1; dpy-11(e224) let-413(s128) unc42(e270)/ eT1, hmr-1(zu389)/lin-11(n566) unc75(e950), hmp-1(zu278)/daf-11 (m84) sma-1(e30), hmp-2(zu364)/hIn1 [unc-54(h1040) Transgenic lines were generated by injecting the indicated DNA fragments at a concentration of 50-100 ng/μl into both arms of the syncytial gonad as described (Mello et al., 1991) . psur-5::mDsRed was used as a transformation marker at 10 ng/μl concentration.
RNAi interference was performed on plates as described previously (Kamath et al., 2003) . RNAi clones for hmp-2, hmr-1 and apr-1 were from the Ahringer RNAi library. In the case of the other two targets, genomic fragments were PCR amplified using the forward primer tttcggccgtcggaagacctgcatcacc with the reverse primer tttggtacccatctgcaaccaattctgcttc for ajm-1 (1.0 kb fragment) and the forward primer tttcggccgtgattgagcgactcgaag with the reverse primer tttggtaccgagaatgaattgcgtgttgc for dlg-1 (1.1 kb at the N-terminal end). The relative localization of the two junctional compartments along the lateral membranes was analyzed in yz-projections (orthogonal views). For this purpose, confocal image series of wild-type, hmr-1 RNAi and magi-1(zh66) embryos were reconstructed in 3D using ImageJ. (d) In wild-type epithelia, the CCC and DAC junctional sub-compartments form two distinct bands with marginal overlap. (e) In hmr-1 RNAi treated embryos, HMP-1::GFP was almost completely removed from the cell junctions (arrowheads indicate residual HMP-1::GFP signal in green), while in magi-1(zh66) mutants (f) the CCC and DAC show significant overlap. For quantification, see Table S1 . The distribution of the fluorescence intensities along the basolateral membrane was analyzed in 3D reconstructed confocal images for each channel in (g) wild-type, (h) hmr-1 RNAi, and (i) magi-1(zh66) embryos. Distances were measured from the apical most point of the junctional complex along the apical-basal membrane (apical is left, and basal is right on the x-axis). The average ± SEM of the percentage of the maximal intensity was plotted (wild-type n = 26; hmr-1 RNAi n = 47; magi-1(zh66) n = 21). (j) Quantification of the CCC and DAC sub-compartments and total size of the cell junction compartments in epithelial cells measured along the z-axis. Data were statistically analyzed with two-tailed Student's t-test (wild-type n = 26; hmr-1 RNAi n = 47; magi-1(zh66) n = 21). (k) The lengths of the electron dense adhesion structures corresponding to the CeAJ were analyzed in the intestine epithelia of wild-type and (l) magi-1(zh66) mutant L1 larvae (lum.: intestinal lumen, mt: mitochondria, CeAJ: C. elegans apical junction). (m) Quantification of the length of the electron dense structures along the lateral membranes. Statistical analysis was performed using two-tailed Student's t-test (wild-type n = 29, magi-1(zh66) n = 14, see also Fig. S2 ). The scale bar in (c) represents 10 μm, in (f) 1 μm, and in (l) 500 nm.
These two fragments were each cloned into the EagI and KpnI sites of the L4440 plasmid in order to generate RNA interference clones.
Microscopy GFP (or GFP variants)-tagged proteins were detected with a Zeiss Axiovert 200 M LSM 5 Pascal confocal microscope or a Leica wide-field microscope (in Figs. 2 and S1 ). Immunostaining was performed after methanol fixation as described (Labouesse, 1997) using rabbit polyclonal anti-MAGI-1 (1:5000 dilution), mouse monoclonal anti-AJM-1 (MH27, 1:25 dilution) or mouse monoclonal anti-HMR-1 (8H10, 1:200 dilution) (Hadwiger et al., 2010) primary antibodies. 3D reconstruction and quantification of the junctional compartment sizes, intensity distributions and extent of voxel overlaps were performed on the 3D reconstructed images using the ImageJ software. Calculation of the distribution of the fluorescence intensities (Figs. 1o, 6g to i) was performed as follows: fluorescence intensity in each pixel for a given color channel was normalized to the total intensity measured along the z-axis (i.e. sum of intensities of all pixels) after subtraction of the background, the maximal normalized intensity for each image was taken as 100% and the relative fluorescence intensity for each pixel were plotted according to the position of the pixel along the apical-basal axis. In the case of Fig. 6h where HMP-1::GFP signal was strongly reduced, the maximal normalized intensity for DLG-1::dsRED signal was taken as the 100% reference.
Molecular biology
A 4.2 kb genomic piece of hmp-2 coding region was amplified and cloned in pGEM-T. YFP from pPD136.64 was used and cloned in frame into XbaI site of the hmp-2 genomic fragment. The functionality of the YFP-tagged construct was tested by rescue hmp-2(zu394) mutant worms. magi-1::gfp minigene construct was generated by fusing 5.5 kb genomic DNA containing 4.5 kb promoter region and the first 3 exons with magi-1 cDNA using the unique SalI site and the minigene was cloned in frame with GFP into pPD95.75. Deletions in the magi-1:: gfp reporter constructs used in Fig. 4 were generated by PCR fusion as described (Hobert, 2002) . All fragments were amplified using proof reading polymerase (LA Taq, Takara) using the magi-1 minigene as template and three independent PCR reactions were pooled. Primer sequences used for the MAGI-1 deletions are available on request.
Electron microscopy
Synchronized L1 wild type and mutant worms were fixed with glutaraldehyde and paraformaldehyde embedded in Epon polymer and sectioned in 60 nm thick slices. Contrast staining was done with uranyl-acetate and lead acetate. Sections were analyzed with Philips Morgagni 80 kV transmission electron microscope.
Supplementary materials related to this article can be found online at doi:10.1016/j.ydbio.2010.10.026.
